The current state of knowledge of the effect of plutonium on microorganisms and microbial activity is reviewed, and also the microbial processes affecting its mobilization and immobilization.
Introduction
There is considerable interest in understanding the behavior of plutonium in the environment . Plutonium oxidation states and redox potentials at pH 8 (Choppin, 1999) .
Effect of Puion Microorganisms
The effects of Pu on pure cultures of bacteria, actinomycetes, fungi, and mixed cultures of bacteria and soil microorganisms have been investigated and these studies have generally focussed on radiation effects versus metal toxicity, and the form and solubility of Pu. Table 1 lists the effects of Pu on pure and mixed cultures of bacteria and fungi. The death of cells of Salmonella typhimurium exposed to 23!'Pu citrate and the induction of mutations were an exponential function of radiation dose (Gatieva and Chudin, 1988) . The growth of halophilic bacteria Halomonas sp. and mixed bacterial cultures consisting of Haloarcula sinaiiensis, Alteromonas sp, Marinobacter sp, and an unclassified species of yproteobacterium was retarded by 239P~-EDTA at concentrations > l. OxlO"M (Pansoy-Hjelvik, et al, 1997; Francis et al., 1998) (Figs. 2 and 3). Epifluorescence micrographs of Halomonas sp (WIPP-IA) showed a decrease in cell numbers with increasing Pu concentration (> 1.0~1O-~M) and also changes in cellular morphology with initial rods becoming shorter and more coccoid in appearance (Pansoy-Hjelvik, et al.1996) . Wildung and Garland (1982) invesugated the effects of Pu concentration, form, and specific activity on microbial types, and microbial activity (CO2 evolution rate) in soils amended with carbon and nitrogen. The effects of Pu differed with type of organism and incubation time.
For example, after 30 days of incubation, aerobic spore-forming bacteria and anaerobic bacteria decreased significantly by Pu levels in soil as low as 1 pg/g when Pu was added as hydrolyzable 239Pu(N03)4 (solubility <O.lo/ o in soil). Other classes of organisms, except the fungi, were affected at Pu levels of 10 I.tg/g; effects on fungi were seen only at levels of 180 ug/g. The effect of Pu on fungal colony-forming units was a function of its solubility in soil and specific activity; Pu-DTPA was effective at 1 pg/g. At concentration of 180 l.tg of Pu/g of soil the rate and extent of CO* evolution decreased in soils amended with carbon and nitrogen sources.
Radiation and Heavv Metal Effects (Pu Isotones Effect). It was shown that the effects of
ionizing radi&ion, rather than chemical effects, are the predominant cause of toxicity when bacteria are exposed to the higher activity isotopes of plul.onium (Wildung and Garland 1982; Banazak et al 1999) . For example, Wildung and Garland (198'2) examined the effects of exposing soil fungi to 239Pu and 238Pu; two plutonium isotopes were used to differentiate between the chemical and radiolytic contributions to toxicity. In soils receiving '3*Pu-DTPA (0.6pg Pu/g soil) and 239Pu-DTPA (18Oug Pu/g soil), fungal colony forming units (CFU) were markedly reduced, relative to the controls. These treatments differentiated Pu concentration by a factor of 300 but they had equivalent radioactivity levels (lOpCi/g) indicating that toxicity was due to radiation effects rather than to chemical effects. An analogous comparison of 239Pu(NOX)4.-and '3sPu(N03)4.-treated soil at the lOuCi/g level showed the same effect, but toxicity at both mass levels was not as pronounced as in the DTPA-treated soils, reflecting the importance of solubility, as well as radiation level, on , , toxicity (Wildung and Garland, 1982) . Banaszak et al (1999) (Barnhart et al, 1980) . The production of extracellular chelating agents resembling siderophores was observed for Pseudomonas aeruginosa grown in the presence of uranium and thorium (Premuzic et al, 1985) . Brainard et al. (1992) (Wildung and Garland, 1980; Wildung et al, 1987; Beckert and Au, 1976) . Several bacteria and fungi grown in the presence of Pu produced extracellular Pu complexes that increased the concentration of Pu in soil-column eluates relative to controls. Elution through soil effectively removed positively charged Pu complexes. The increased mobility of Pu in soil resulted from the formation of neutral and negatively charged Pu complexes. In the presence of known microbial metabolites and synthetic ligands (DTPA, EDTA, EDDHA), Pu(V1) was reduced to Pu(IV) before complexation, suggesting that the latter valence state would be the dominant one associated with organic complexes in soils. Studies with selected organisms indicated that Pu was both actively transported into, and sorbed on the cell, and these phenomena, as well as complexation of Pu by extracellular metabolites, were a function of the form of Pu supplied (hydrolyzed and complexed forms), the organisms' t?;pe and growth characteristics, and the ability of the organism to alter extracellular pH (Wildung et al., 1987) .
Immobilization of Plutonium
Plutonium may be immobilized by microorganisms through the following reactions:
bioreduction, bioaccumulation, biosorption, precipitation, and mineral formation. In nature, an overall negative charge due to hydrophilic anionic functional groups, such as phosphate, carboxylate, and hydrosyl moieties, giving bacteria considerable ability to bind actinides (McLean et al., 1996) . Polymers secreted by many rnetabolizing microbes also immobilize metals. Radionuclide-binding to cell surfaces and polymers is a promising technology for remediating contaminated waters (Voleshy and Holan,1995; McLean et al, 1996; Macaskie et al, 1996;  Macaskie and Basnakova, 1998). Kauri et al. (1991) investigated the ability of five strains of bacteria isolated from soil in Japan that had been contaminated with Pu by fallout for more than 40 years to bind low concentrations of Pu'"' during their growth. Although Pu was associated with all the bacterial strains studied, the association varied with the type of bacterial isolate indicating differences in the mechanisms'bf binding.
The interactions were examined between of "'Pu nitrate and Halomonas sp. (from the WIPP site) and Acetobacterium sp., isolated from alkaline groundwater at the Grimsel Test Site, Switzerland, at pH 5.0. Although it was not verified, Pu was most likely in the pentavalent oxidation state. Both cultures were grown to late log-phase, washed in the appropriate electrolyte, and diluted to an OD of 0.4. HaZomonas sp. biosorbed 9% (0.17 x low9 M) of the total 2"'Pu in
solution at the highest concentration tested (1.8 x 10e9 M) (Gillow et al. 2000) . Acetobacterium sp.
biosorbed 7% (0.11 x 10e9 M) of the total "'Pu in solution at the highest concentration tested (1.5 x 10m9 M) (Gillow et al., 2000) . On a dry-weight basis, Acetobacterium sp. sorbed 145 ng 24'Pu g-r dry cells, and Hafomonas sp. sorbed 35 1 ng "'Pu g*' dry cells. For both cultures, the amount of 24'Pu sorbed appeared to be a function of the "'Pu added; however, there was no decrease in uptake with increasing *"Pu concentration tested in this study, so that, the cells probably could sorb more t41Pu (surface sorption sites were not saturated). The extent of biosorption depends upon the form and chemical speciation of the Pu species present, with only a fraction of it being bioavailable in these studies. Giesy et al. (1977) uptake by S obliquus, F IV increased uptake, and F III had no effect. '37Pu uptake by A.
hydrophila &as no different in the presence of F :I, F II, or F III than in tryptic-broth medium alone, whereas F IV increased its "'Pu uptake.
The sorption of 239Pu from aqueous nitrate medium was studied using the fungus biomass
Rhizopus arrhiztis. The biosorption of '39Pu was maximal at pH 6-7, and this fungal biomass appears to be a promising sorbent treating'radioactive effluents from the nuclear industry (Dhami et al. 1998) . Li et al. (1995) showed that under (optimal conditions a strain of Rhizopus species removed 99% of the 239Pu from the wastewater. Alpha-energy spectral analyses in combination with SEM observations showed that the absorption occurred mainly on the cell walls. In most studies, it was not possible to determine whether the plutonium was incorporated into the cell, or was simply adsorbed onto the estemal cell surface.
(ii) Pu Uptake bv Mvcelium and Transport to Fungal Snores Studies were carried out on the influences of different chemical forms and concentrations of 238Pu in culture mediumat pH 2.5 and 5.5 on the uptake and transport of Pu by the mycelium to the spores of the common fungus Aspergillus niger. (Fig. 4) . When Pu was added to the culture medium as dioxide microspheres, or as Pu-nitrate, or Pu-citrate, was transported to the spores; there was an almost linear relation between its transport and concentration. Raising the pH of the culture medium from 2.5 to 5.5
generally increased the transport of all three chemical forms. At Pu concentrations of 224 pCi/g, at both pH 2.5 and 5.5, the transport of Pu to the spores was approximately 3-fold greater from the nitrate-or citrate-form as from the dioxide microspheres. The derived transport factors indicated that Pu was concentrated in the mycelium and then further transported to the aerial spores of this fungus.
A new, simple technique for collecting spores was developed to prevent crosscontamination of the spores with mycelial fragmlznts, and by direct contact with the Pu-containing agar medium. The specific activities of the spores grown at pH 5.5 generally were at least twice those of thei spores grown at pH 2.5. The uptake of Pu dioxide vvas approsimately 33% of that from the n&ate-and citrate-forms at both pH levels. These findings suggest that this common soil fungus may solubilize soil-deposited Pu and render it more bioavailable for higher plants and
animals (Au and Beckert, 1975; Beckert and Au, 1976) . If a similar process occurs in Pucontaminated soils, it could be an important link Im transferring of soil-deposited Pu to humans and would also explain the apparent time-dependent increases in the uptake rate of Pu by plants grown in contaminated soils (Au, 1974) .
Biotransformation of Plutonium-organic Complexes
Plutonium forms very strong complexes with a variety of organic ligands. Naturally occurring organic complexing agents, such as humic and fulvic acids, and microbially produced complexing agents, such as citrate, and siderophores, as well as synthetic chelating agents can affect the mobility of Pu in the environment.
Chelating agents are present in wastes because they are widely used for decontaminating nuclear reactors and equipment, in cleanup operations, and in separating radionuclides. Low-level radioactive wastes, and transuranic (TRU) wastes contain low levels of Pu in addition to other radionuclides and organic compounds (Francis 1990a,b) . 238* 23g* '"'Pu (gross alpha activity I.7 x IO5 pCi/L) were detected in leachate samples collected from the low-level radioactive-waste disposal sites: West Valley, NY, and Masey Falts, KY (Husain et al. 1979 ., anaerobic bacteria were isolated from the leachate samples; among them, were Bacillus sp., Pseudomonas sp., Citrobncter sp., and Clostridium sp. The radioactivity and the organic chemicals present in the leachate were not toxic to the bacteria which metabolized them producing-tritiated and carbon-14 methane (Francis et al., 1980a (Francis et al., , b., 1990b .
Viable metabolically active microbes were detected at the Los Alamos National Laboratory (LANL) TRU waste burial site containing '39Pu contaminated soil and flammable waste (Barnhart et al., 1980) . Radiation-resistant bacteria are constantly being enriched in such environments containing nanocurie levels of alpha-and beta-activfity (Barnhart et al., 1980) . The potential effects of microorganisms on the long-term storage of radioactive waste could be significant. These effects include radionuclide mobilization by microbially produced chelates which can mediate dissolution of essentially insoluble plutonium dioxide, and possibly by gas pressurization of radioactive-waste storage vessels or enclosures due to microbially produced gases, such as carbon dioxide, methane, N20, and N2. An analysis of the experimental results of actual and simulated waste-degradation studies showed that microorganisms produce far more gas than that produced by physical and chemical means including corrosion (Mole&e, 1979) .
Plutonium is the major radioactive comp'onent of concern in the TRU waste disposed of in the WIPP repository. Seventy-percent of this waste is cellulosic material. have the potential to generate significant quantities of gas, both aerobically and anaerobically. CO2
was the only gas detected in these studies (Caldwell, et al., 1988) . Kudo et al. (1997) investigated the interactions between sulfate-reducing anaerobic bacteria and Pu, in the presence and absence of bentonite, a backfill material for isolating of nuclear waste. The bentonite was obtained from Japan, and the anaerobic sulfate-reducing bacteria were isolated from a pulp-and paper-wastewater treatment plant. Distribution coefficients (Kd, in mL/g) were used as indices of radionuclide behavior. Pu Kd values for living bacteria ranged from 1804 to 112,952, depending on the pH, while the Kd values for dead bacteria were 1180 to 5931. 
Biocolloids
Groundwater is expected to be the principal medium for the movement of radionuclides from the repositories. Colloidal transport of radionuclides is recognized as a potential mechanism of migration, and includes mineral fragments, humic substances, intrinsic colloids, and microorganisms. Significant numbers of bacteria exist in all subterranean environments including extreme environments, such as deep-sea hydrothermal vents, hot springs, and deep aquifers. Transport from the waste site can be facilitated by free-living suspended bacteria through bioaccumulation and biosorption. The chemical form of the Pu, i.e., its ionic-, organic-, and inorganic-complexes and its solubility affect its bioavailability to bacteria. Francis et. al. (1998) evaluated the interactions of dissolved '39Pu (as Pu-nitrate, -perchlorate and -EDTA complex), under anaerobic conditions with a pure culture and a mixed culture of halophilic bacteria isolated from the WIPP repository environs to evaluate the potential transport as biocolloids from the waste site. The sizes of the bacterial cells ranged from 0.54 x 0.48 pm to 7.7 x 0.67 pm. The association of Pu with suspended bacterial cells ( lo6 to IO9 cells ml-') at various growth phases in a medium containing NaCl or MgC12 brine was determined. by sequential microfiltration. The amount of Pu associated with the suspended cell fraction (calculated as mol cell-') was very low (Pu lo-" -10T2'), and it varied with the particular bacterial culture (Fig. 5) . These results support other studies which assessed the influence of bacteria on the migration of radionuclides from a deep spent-fuel repository, based on total number of bacteria present; they also concluded that negligible amounts of the released radionuclides bound to unattached bacteria (Pedersen, 1996) . These studies also
show an insignificant association of actinide with suspended bacteria suggesting that the other mechanisms may play a major role in regulating the mobility of actinides. (1982) . Effects of plutonium on soil microorganisms.
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proposed for use at the radioactive-waste was added as a 1: lPu-EDTA complex to the growth medium. Uninoculated medium containing Pu served as the control (redrawn from Francis et al., 1998; Pansoy-Hjelvik et al., 1997) . caused a significant reduction in the growth of fungi measured as CFU(colony forming units) compared to 239Pu(N03)4 and 239P~DTPA. The effect of the soluble Pu-DTPA complex was much more pronounced than that of PIJ(NO~)~.. Reference: 1. Gafieva and Chudin 1988; 2. Banaszak et al., 1999; 3. Francis, et al., 1998; 4. Wildung and Garland, 1982. Amy et al., 1992 0.44 -9.3 x lo:' cells/ml Pedersen et al., (methanogens and homoacetogens) 
